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Abstract: Low-light stress can inhibit plant growth and production. The selection of superior 

genotypes that are adaptive and tolerant to low light intensity needs to be performed. This study 

evaluated the agronomic responses of ten doubled haploid lines of eggplant and three varieties to 

various shade levels (0%, 25%, and 50%). This study used a split-plot design with three replicates. 

The results indicate that 25% shade is the optimal selection environment for shade tolerance. 

Genotypes grown under 25% shade exhibited varying responses, with two genotypes classified as 

shade-loving, seven as tolerant, three as moderately tolerant, and one as shade-sensitive. Shade levels 

of up to 50% significantly reduced yield, with production dropping to 58%–81% of the unshaded 

conditions. In general, growth characteristics such as plant height, leaf width, and leaf area were better 

under shaded conditions, whereas the yield was better under unshaded conditions. AM 23, AM 14, and 

AM 10 showed better tolerance responses and maintained better yields than the other lines under 25% 

shade. This study provides important insights into the development of shade-tolerant eggplant varieties. 

These findings can be used as a basis for recommendations for eggplant planting in shaded areas such 

as agroforestry systems. 
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1. Introduction  

Eggplant, also known as brinjal (Solanum melongena L), is an important vegetable widely 

cultivated globally. Eggplants are cultivated in tropical and subtropical countries [1,2]. Eggplant 

belongs to the Solanaceae family and is a close relative of potatoes, chili peppers, and tomatoes. 

Eggplant ranks 10th as a vegetable, with a high content of phenolic compounds and antioxidants [3]. 

The demand for eggplants continues to increase with the increasing global population. The increasing 

demand for eggplants is accompanied by decreased agricultural land area. Globally, eggplant land area 

has fluctuated over the last five years, from 2019 to 2022 [4]. In addition, agricultural land ownership 

per person in 2021 amounted to 0.2 hectares, a decrease of 18 percent over the past 21 years [5]. 

In Indonesia, the harvest area for eggplant has decreased by 133 ha from 50,533 ha in 2021 to 

50,400 ha in 2022 [6]. The number of farming households with land ownership of less than 0.5 ha still 

accounts for 58% of the total number of farming households. This makes it important to increase the 

efficiency of agricultural land use [7]. 

Agroforestry systems and intercropping of forestry, plantations, and yard crops can be a solution 

to increase land-use efficiency in Indonesia. However, low light intensity can disrupt the plant 

metabolic processes. Light is indispensable for photosynthesis, a complex biochemical and biophysical 

process in biomass production that involves photosynthetic pigment synthesis, the Calvin cycle, and 

light-controlled electron transport [8]. Shade can limit photosynthesis and indirectly affect carbon gain 

potential through morphological and physiological acclimatization responses [9–11].  

Eggplant is a C3 crop that can grow under low light intensities [12]. At shade levels up to 25%, 

eggplants usually responded well. Previous studies have shown that eggplant plants exhibit good 

tolerance under 21% shade [13]. In other Solanaceae species, shading tolerance varies, with chili plants 

tolerating up to 25% shade [14] and tomato plants up to 50% [15] when using shade-tolerant genotypes. 

Additionally, a recent study found that cayenne pepper produced higher yields under 50% shade 

compared to unshaded conditions [16]. This has led to the importance of using shade-tolerant crop 

varieties with high yields. The utilization of land under stands requires the use of varieties that can 

grow, develop, and produce well under shade stress [17].  

Eggplant breeding programs mostly focus on developing hybrid varieties because of the large 

effect of heterosis on eggplant productivity [2, 18]. The development of hybrid varieties requires pure 

lines with high homozygosity as crossing parents [19,20]. Conventional breeding methods using 

recurrent selection have high costs and a long time of 6–10 generations [21]. An alternative method to 

quickly obtain pure lines is through anther culture techniques. The process involves producing haploids 

from hybrids through anther, pollen, or ovule culture, doubling the chromosomes, and resulting in 

stable and fertile plants [22]. Doubled haploid (DH) lines hold potential in plant breeding and genetics 

due to their speed and efficiency in obtaining complete homozygosity compared with conventional 

inbred lines [23]. The time required to produce doubled haploid plants through anther culture 

techniques is much faster than what conventional methods require [24,25]. Anther cultures can obtain 

pure lines in only one generation [26–29]. The resulting doubled haploid plants can be directly 

evaluated and selected as new hybrid parents [25]. Doubled haploid plants can be selected directly as 

inbred varieties. Doubled haploid technology has been widely utilized to enhance stress tolerance in 

various crop species. Doubled haploid lines have been evaluated in maize under drought stress [30], 

camelina under two irrigation conditions [31], flint maize under cold stress [23], and wheat under salinity 

stress [32]. However, studies on stress tolerance in doubled haploid eggplant remain limited. 
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Research on the selection of environments related to shade tolerance is essential for an effective 

and efficient eggplant variety breeding program. However, information related to this is limited. The 

growth and production of eggplant lines at each shade level must be evaluated. Previous studies have 

obtained eggplant doubled haploid lines [25], which should be further tested under shade conditions 

to determine their tolerance and adaptation to shade stress. This study aimed to determine the 

differences in agronomic characteristics of eggplant doubled haploid lines in response to different level 

of paranet shading. 

2. Materials and methods 

2.1. Experimental design 

This study was conducted at the Pasir Kuda Experimental Farm of the PKHT IPB, Bogor, West 

Java, between January and May 2024. The experiment was arranged in a split-plot design, with two 

factors and three replicates. The first factor in the main plot was shade application, namely 0%, 25%, 

and 50% shade. The second factor included 10 doubled haploid lines and three varieties as subplots. 

Eggplant-doubled haploid lines were selected based on good agronomic characteristics [33]. The 

experiment consisted of three replicates with a total of 117 experimental units, each consisting of four 

plants. The genotypes used in this study are listed in Table 1.  

Table 1. Genetic material of 14 eggplant genotypes. 

No. Genotype Description No. Genotype Description 

1 AM4 (P) Doubled haploid 8 AM14 (M) Doubled haploid 

2 AM6 (P) Doubled haploid 9 AM23 (P) Doubled haploid 

3 AM8 (H) Doubled haploid 10 AM28 (P) Doubled haploid 

4 AM9 (H) Doubled haploid 11 Hitavi F1  Commercial variety 

5 AM10 (H) Doubled haploid 12 Provita F1 Commercial variety 

6 AM11 (H) Doubled haploid 13 Mustang F1 Commercial variety 

7 AM13 (M) Doubled haploid    
The letters in parentheses represent the codes indicating the parent’s name: (P) = Provita F1, (H) = Hitavi F1, (M) = 

Mustang F1. 

2.2. Experiment procedure 

Seeds were sown in nursery trays placed in a greenhouse with a medium of husk charcoal, soil, 

and manure in a ratio of 1:1:1. Each genotype was sown in 36 seeds per seedling tray. Watering was 

performed at least once a day. Tillage was performed four weeks before transplanting, including soil 

plowing and harrowing, bed formation, manure application, and basic fertilization. Each bed was given 

20 kg of cow manure and 0.5 kg of lime. The basic fertilizers used were urea (200 kg ha−1), SP-

36 (150 kg ha−1), and KCl (150 kg ha−1), which were given one week before planting. Silver-black 

plastic mulch was installed on each bed, and planting holes with a diameter of 10 cm were made using 

a dibble with a planting distance of 0.5 m x 0.7 m.  

The shade was created by installing a paranet with shade densities of 0%, 25%, and 50% on all 

sides of the shade frame. Shade construction was performed two weeks before planting. The frame 
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was made of bamboo, with an installation direction from east to west, to obtain maximum sunlight. 

The height of the paranet was 3 m. Transplanting was performed when the eggplant seedlings were 

four weeks after sowing and had 3–4 leaves. Planting was performed in the afternoon to prevent the 

seedlings from wilting due to sunlight. Each eggplant seedling was planted in one planting hole and 

then watered with sufficient water, followed by installing a stake. Replanting was performed if the 

plants died within two weeks after planting (2 WAP).  

Maintenance activities included watering, replanting, fertilizing, pinching, pest control, and 

disease control. Fertilization was performed using NPK 16-16-16 at a concentration of 10 g L−1 and a 

dose of 250 mL per plant by dripping it into each plant hole. Pinching was performed when the water 

buds were present below the first branch of the main stem. Weeding was performed manually by 

pulling weeds around the plants. Pest and disease control was performed if symptoms of pest and 

disease attacks occurred. Pesticides were applied at the recommended dosages.  

Harvesting was performed according to the harvest criteria. The criteria for harvesting eggplant 

fruit were that the flesh was not yet hard, the color of the fruit was shiny, the size was not too large or 

small, golden yellow seeds were not visible when cut, and the color of the flesh was pure white. 

Harvesting was performed gradually up to 12 times. The characters observed in this experiment were 

agronomic characters consisting of plant height (cm), crown width (cm), dichotomous height (cm), 

stem diameter (cm), leaf length (cm), leaf width (cm), leaf area (cm2), days to flowering (DAP), days 

to harvesting (DAP), fruit weight (g), number of fruits, fruit weight per plant (g), fruit length (cm), 

fruit diameter (cm), weight per bed (g), and productivity (tons ha−1). Observations of the microclimate 

components consisted of light intensity (lux), daily temperature (°C), and relative humidity (%). Daily 

temperature and relative humidity were measured using a USB temperature and humidity data logger. 

2.3. Data analysis 

The observed data were analyzed using analysis of variance (ANOVA). If in the variance analysis 

there was a significant effect at the 5% real level, then the differences between treatments were further 

tested with honestly significant difference (HSD) using the Statistical Tool for Agricultural Research 

(STAR) version: 2.0.1 and R-Studio software version: 4.4.1. The plant tolerance level grouping was 

determined based on the relative production of plants [15]. Based on this, eggplant genotypes were 

grouped according to the following criteria: (1) sensitive genotype if relative production is <60%, (2) 

moderate genotype if relative production is 60–80%, (3) tolerant genotype if relative production is 80–

100%, and (4) shade-loving genotype if relative production is >100%. Pearson correlations were 

conducted using RStudio (R-Studio 4.4.1).  

3. Results and discussion 

3.1. Effects of shade on the microclimate of the experimental environment 

Shading is a method for maintaining the productivity and quality of vegetable crops [13]—

providing shade changes the microclimate. In this experiment, observations were made of the 

microclimate, namely, light intensity (Lux), temperature (°C), and humidity (%). Average light 

intensity ranged from 50.659 lux to 99.099 lux, daily temperature ranged from 31.24 °C to 34.39 °C, 

and humidity ranged from 76.72 to 80.92% (Table 2). The shade net-linked microclimate observations 
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showed clear trends. When comparing 25% and 50% with unshaded conditions, there was a decrease 

in light intensity of 24.46% and 48.88%, respectively. Likewise, a decrease in temperature at 25% and 

50% shading was 5.21% and 9.16%, respectively, compared to that under unshaded conditions. 

Table 2. Microclimate under 0%, 25%, and 50% shade. 

Variables Shade 

0 25% 50% 

Light Intensity (Lux) 99099 74861 50659 

Daily Temperature (℃) 34.39 32.60 31.24 

Humidity (%) 76.72 79.23 80.91 

The humidity under 25% and 50% shading increased between 3.27% and 5.46%, respectively. 

Higher shading reduces light intensity, increasing humidity and lowering temperatures, which affect 

photosynthesis. Reduced light intensity reduces the amount of photosynthetically active radiation 

(PAR), which can interfere with plant growth. Intercropping can reduce light intensity by 10–80% [34]. 

Based on previous research, eggplants can still produce well at 21% shade during the fall period [13].  

Table 3. Analysis of variance of 13 eggplant genotypes under 0%, 25%, and 50% shade. 

Characters Shade (E) Genotype (E) G×E CV 

Plant height 5.719ns 3.3187 **  0.3437ns 17.89t 

Crown width  1971.27* 209.6** 31.8ns 16.04 

Dichotomous height  489.69** 117.72** 4.34ns 10.74 

Stem diameter  0.0081ns 0.0327** 0.0025ns 7.3t 

Leaf length  1094.19** 113.27** 7.07ns 2.76 

Leaf width  206.986** 19.435** 1.058ns 11.67 

Leaf area  150669** 20865** 1809ns 9.77 

Days to flowering 15.41ns 108.942** 8.123ns 16.09 

Days to harvesting  0.9703*  0.0648** 0.0165** 8.96t 

Weight per fruit 0.4609ns 103.5404** 0.9415ns 11.6t 

Fruit length  0.84ns 983.26** 2.76* 7.43 

Fruit diameter  0.0157ns 0.0555** 0.0359** 8.47t 

Number of fruits per plant 1.7613* 0.6627** 0.0201** 16.68t 

Fruit weight per plant  27.805** 0.7405** 0.0927ns 18.16t 

Weight per bed  56.3349** 1.5044** 0.1894ns 18.37t 

Productivity  3.9525** 0.1038** 0.0167ns 15.66t 

CV = Coefficient of variance, * = significant effect at α = 5%, ** = significant effect at α = 1%, ns = not significant effect 

at α = 5%, t = transformed data = (√𝑥 + 0.5). 

Analysis of variance showed that genotype, shade, and interaction factors significantly affected 

the observed characters (Table 3). Genotypes significantly affected all the observed characters, 

indicating genetic variation between the genotypes used in the experiment. The effect of shade 

significantly affected some of the measured character, indicating appropriate environmental conditions 

for the experiment. The interaction factor of genotype and environment showed a varied response; in 
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general, it did not significantly affect most of the characters observed except for the characters of 

harvest age, fruit length, fruit diameter, and number of fruits per plant. The difference in responses to 

the interaction of genotypes and environment indicates that shade provides different responses to 

genotypes in each environment. In this experiment, genotype contributed the most to all observed 

characters compared to shade and its interaction. This indicates that the different responses to eggplant 

yield under shaded conditions depend on genetic factors. 

3.2. Agronomic character 

The variability in morphological and physiological characters is influenced by several factors, 

including light intensity [35–37] and light period [35]. Shade conditions can increase plant height and 

chlorophyll content and improve fruit quality, but there is a reduction in plant productivity [38,39]. 

Plant height is an important factor that affects fruit set and color [40]. As shown in Table 4, genotype 

had a significant effect on plant height, but there was no significant effect of shade or interaction, 

indicating that the genotype showed similar responses to shade treatment. Genotype AM10 was the 

tallest genotype (89.27 cm), while the shortest was AM6 (60.27 cm). Shade levels and genotype 

significantly affected dichotomous height; however, there was no significant interaction (Table 4). The 

50% shade treatment had the highest dichotomous average (27.21 cm), which was significantly 

different from that of the 25% shade (23.59 cm) and unshaded conditions (20.12 cm). The reduction 

in light intensity under shading conditions induces stem elongation, known as the shade avoidance 

syndrome (SAS), as a response to maximize light capture [41]. This elongation is caused by an uneven 

distribution of auxin. Auxin plays a key role by enhancing cell sensitivity to elongation through its 

interaction with phytochrome-interacting factors (PIF) and auxin/indole acetic acid (Aux/IAA) [42]. 

Genotypes significantly affected stem diameter, but there was no significant effect of shade or its 

interaction (Table 4). Genotype AM13, Mustang F1 (1.44 cm), had the largest stem diameter, followed 

by Hitavi F1 (1.39 cm), and with the smallest stem diameter genotype AM23 (1.07 cm). Reduced stem 

diameter under shaded conditions is attributed to biomass allocation in response to light availability. 

The decrease in stem diameter may be caused by a decrease in endogenous zeatin concentration [43]. 

Zeatin is an active cytokinin-type plant hormone that regulates growth and promotes cell division [44]. 

A smaller stem diameter under shaded conditions can also be caused by changes in lignin content, such 

that the stem becomes more slender, weak, and unstable [45].  

Leaves are important organs for carbon capture under shade stress conditions [46]. The shade 

level and genotype significantly affected leaf length, but there was no significant interaction (Table 5). 

The 50% shade treatment resulted in the longest average leaf length (31.21 cm), which was 

significantly different from that of the 25% shade (25.37 cm) and unshaded (20.63 cm) treatments. AM10 

(30.72 cm) had the longest leaves, followed by AM8 (29.13 cm), and the shortest leaf genotype AM28 

(20.42 cm). The shade level and genotype significantly affected leaf width, but there was no significant 

interaction (Table 5). The 50% shade treatment resulted in the widest average leaf (13.25 cm), which 

was significantly different from that of the 25% shade (10.71 cm) and unshaded (8.65 cm) treatments. 

The genotype with the widest average leaf was Hitavi F1 (12.99 cm), followed by AM8 (12.76 cm), 

which was significantly different from the genotype with the smallest leaf width, AM28 (8.80 cm). 

Plants experiencing stress due to prolonged shading undergo morphological and physiological changes 

as a mechanism of shade avoidance syndrome (SAS). The shade-avoidance response results in changes 

in leaf morphology that maximize light capture [47]. Another change caused by shading is a decrease 
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in leaf thickness, damage to chloroplast structure, and a reduction in the chlorophyll a/b ratio, which 

can disrupt plant photosynthesis [48]. 

Table 4. Means of plant height, dichotomous height, and stem diameter as influenced by 

shades or eggplant genotypes. 

Treatment Plant height Dichotomous height Stem diameter 

(cm) (cm) (cm) 

Shade    

0% 67.08 20.12C 1.30 

25% 76.50 23.59B 1.22 

50% 79.55 27.21A 1.27 

Genotype 
   

AM4 (P) 66.08cde 20.18de 1.13c 

AM6 (P) 60.27e 20.09de 1.11c 

AM8 (H) 84.06a 24.48bcd 1.46a 

AM9 (H) 65.86de 20.75cde 1.10c 

AM10 (H) 89.27a 27.67ab 1.40ab 

AM11 (H) 81.88ab 25.19abc 1.24abc 

AM13 (M) 79.02abc 26.96ab 1.44a 

AM14 (M) 76.21abcd 26.64ab 1.38ab 

AM23 (P) 61.10e 17.81e 1.07c 

AM28 (P) 62.36e 19.35e 1.04c 

Hitavi F1 86.28a 24.57abcd 1.39ab 

Mustang F1 84.24a 29.18a 1.44ab 

Provita F1 70.28bcde 24.46bcd 1.21bc 

Numbers followed by the same lowercase letter (genotype) and uppercase letter (shade) in the same column for each 

character are not significantly different based on the 5% HSD test. 

Shade and genotype significantly affected the leaf area, but there was no significant interaction 

(Table 5). Fifty-percent shade showed the largest average leaf area (241.15 cm2), and was significantly 

different from 25% shade (165.97 cm2) and unshaded conditions (117.82 cm2). The genotypes with 

the largest average leaf area were AM10 (239.52 cm2), followed by Hitavi F1 (234.56 cm2), and were 

significantly different from the genotype with the smallest leaf area, AM28 (119.54 cm2). Under shaded 

conditions, plants adapt to energy storage efficiency by increasing their leaf area index (LAI) [49]. Leaves 

also experienced thinning as caused by thinning of the palisade layer and mesophyll cells [50]. Genotype 

and shade significantly affected crown width, but there was no interaction between the two factors (Table 5). 

The average of the shade treatments showed that 50% shade had the widest crown (84.98 cm), which 

was significantly different from the 25% shade (76.31 cm) and unshaded conditions (70.88 cm). The 

genotypes that had the widest crowns were Hitavi F1 (83.88 cm) and AM23 (80.95 cm), and were 

significantly different from the genotype that had the smallest crown width, AM6 (63.85 cm). Under 

shaded conditions, plants adapt by broadening their leaves to enhance light absorption efficiency. This 

causes the plant canopy to expand to maximize photosynthesis despite the limited available light. 
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Table 5. Means of leaf length, leaf width, leaf area, crown width, and days to flowering as 

influenced by shades or eggplant genotypes. 

Treatment Leaf length Leaf width Leaf area Crown width Days to flowering 

(cm) (cm) (cm2) (cm) (DAP) 

Shade      

0% 20.63C 8.65C 117.82C 70.88B 32.9 

25% 25.37B 10.71B 165.97B 76.31B 33.6 

50% 31.21A 13.25A 241.15A 84.98A 34.2 

Genotype 
     

AM4 (P) 22.63de 9.64de 133.86cd 75.18ab 32.7abc 

AM6 (P) 23.17cde 9.68de 141.48bcd 63.85b 33.1abc 

AM8 (H) 29.13ab 12.76ab 231.24a 78.48a 37.0a 

AM9 (H) 23.21cde 9.66de 128.35d 80.88a 32.8abc 

AM10 (H) 30.72a 12.13ab 239.52a 81.10a 35.7ab 

AM11 (H) 25.34bcd 12.14ab 187.62abc 77.61a 33.1abc 

AM13 (M) 28.61ab 11.58abc 204.50a 75.49ab 37.0a 

AM14 (M) 27.61abc 11.10bcd 195.49ab 75.63ab 36.0ab 

AM23 (P) 21.67de 9.05e 119.54d 80.95a 25.3d 

AM28 (P) 20.42e 8.80e 113.48d 78.78a 28.9cd 

Hitavi F1 30.17a 12.99a 234.56a 83.88a 36.0ab 

Mustang F1 28.76ab 11.94ab 215.15a 77.61a 36.8a 

Provita F1 23.18cde 9.89cde 129.93d 76.60a 31.7bc 

Numbers followed by the same lowercase letter (genotype) and uppercase letter (shade) in the same column for each 

character are not significantly different based on the 5% HSD test. 

The ability of plants to adapt to shade by regulating flowering time is an important strategy. 

Genotypes significantly affected the days to flowering, but there was no significant effect of shade or 

its interaction (Table 5). AM23 (25.3 DAP) had the shortest time to flowering, followed by AM28 

(28.9 DAP), and AM8 (37.0 DAP) had a late flowering time. Shade and genotype significantly affected 

the days to harvesting, with significant interaction (Table 6). Despite this interaction, all genotypes 

showed significantly longer harvesting time under 25% and 50% shade conditions than under unshaded 

conditions. AM4 (43.1 DAP) had the shortest time to harvest, followed by Provita F1 (46.0 DAP), 

which had the second-fastest harvest time at all shade levels. 

Flowering time is influenced by genotype, temperature, and light intensity received daily by 

plants [15]. Delayed flowering time is caused by the response of the genotype to shade intensity. Shades 

of higher intensity resulted in weak photosynthesis, photosynthate accumulation, and competition for 

photosynthetic products. It also causes delayed bud differentiation and reduces inflorescence and the 

number of flowers [51]. Previous studies that found the effect of shading on flowering time were on 

Antirrhinum majus [52], ornamental plants [53], Swarnaprabha rice [51], and several soybean lines [54,55]. 

The ANOVA results showed significant differences between shaded and unshaded plants. In this 

study, the provision of shade at different levels significantly affected yield. The shade and genotype 

significantly affected the number of fruits per plant, with a significant interaction between them (Table 6). 

All genotypes had a significantly higher number of fruits under unshaded conditions than under 25% 

and 50% shade conditions. Provita F1 (20.8) had the highest number of fruits, followed by AM4 (18.4), 
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the second highest at all shade levels. The number of fruits per plant directly influences the fruit weight 

per plant through the fruit set [16]. The reduction in the number of fruits per plant is caused by several 

factors, including reduced fruit set, reduced seeds per fruit, and increased flower abortion [56].  

Table 6. Means of days to harvesting of eggplant genotypes at different levels of shade. 

Genotype Days to harvesting (days) Number of fruits per plant 

0 25% 50% Mean 0 25% 50% Mean  

AM4 (P)  40.0Aa 40.0Ab 49.3Ae 43.1 26.7Aa 21.3Aab 7.3Babc 18.4 

AM6 (P) 40.0Ba 42.3Bb 70.7Aabcde 51.0 16.6Aa 11.6Acd 4.0Bcde 10.7 

AM8 (H) 49.3Ba 58.0Bab 87.3Aab 64.9 5.7Ab 4.3ABe 2.0Bde 4.0 

AM9 (H)  40.0Ba 44.7ABab 58.0Ade 47.6 22.8Aa 15.7Abc 4.3Bbcd 14.3 

AM10 (H) 51.7Ba 54.0Bab 93.7Aa 66.4 4.7ABb 5.4Ae 2.1Bde 4.1 

AM11 (H) 47.0Ba 49.3Bab 79.3Aabcd 58.6 4.2Ab 3.4ABe 1.7Bde 3.1 

AM13 (M) 42.3Ba 44.7Bab 78.3Aabcd 55.1 4.7Ab 4.4Ae 1.4Be 3.5 

AM14 (M) 42.3Ba 47.0Bab 84.0Aabc 57.8 5.0Ab 4.6Ae 1.3Be 3.6 

AM23 (P) 40.0Ba 40.0Bb 64.3Abcde 48.1 20.1Aab 21.7Aab 7.0Babc 16.3 

AM28 (P) 40.0Ba 40.0Bb 56.3Ade 45.4 24.4Aa 20.8Aab 7.9Bab 17.7 

Hitavi F1 44.7Ba 44.7Bab 65.0Abcde 51.4 7.0Ab 6.3Ade 2.7Bde 5.3 

Mustang F1 42.3Ba 65.0Aa 58.7Acde 55.3 6.3Ab 5.0Ae 2.0Bde 4.4 

Provita F1 40.0Ba 40.0Bb 58.0Ade 46.0 24.5Aa 27.2Aa 10.8Ba 20.8 

Mean 43.1 46.9 69.5 
 

13.3 11.7 4.2   

Numbers followed by the same lowercase letter within the same column and the same uppercase letter within the same row 

are not significantly different based on the HSD test at a 5% level. 

The genotype significantly affected fruit length, with a significant interaction (Table 7). 

Hitavi F1 (26.32 cm) had the longest average fruit length in each shade, followed by AM13 (25.59 

cm), which had the second-longest fruit at all shade levels. Shade and genotype significantly affected 

fruit diameter, with a significant interaction (Table 7). Genotype AM8 (5.61 cm) had the largest fruit 

diameter, followed by Mustang F1 (5.24 cm), which had the second-largest fruit diameter at all shade 

levels. Fruit diameter influences the weight per fruit. Under shaded conditions, plants generally show 

a reduced fruit size due to a lack of carbohydrates during the early reproductive stages [57]. In addition, 

a reduction in fruit size can also be caused by a lack of light, as plants experience lower sugar 

accumulation and fewer petioles [58]. 

Genotypes significantly affected the weight per fruit, but there was no significant effect of 

shade or its interaction (Table 8). Mustang F1 (174.61 g) had the largest weight per fruit followed 

by Hitavi F1 (162.88 g), and the smallest weight per fruit was genotype AM9 (36.07 g). External 

factors have a significant influence on a plant's ability to achieve optimal production. Shading 

treatment alters the microclimate of the experimental environment, including temperature and 

humidity, which ultimately affects the amount of light available for photosynthesis [14]. Plants 

growing under shaded conditions experience a decline in net photosynthetic rate, stomatal conductance, 

and chlorophyll content. Additionally, damage to chloroplast ultrastructure and the photosynthetic 

system occurs, ultimately leading to a reduction in yield [59–61]. Additionally, the reduction in fruit 

weight can also result from a shift in the balance between production and growth mechanisms, where 

the plant prioritizes growth over yield. 
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Table 7. Means of fruit diameter and fruit length of eggplant genotypes at different levels of shade. 

Genotype Fruit length (cm) Fruit diameter (cm) 

0 25% 50% Mean  0 25% 50% Mean  

AM4 (P) 5.30Bc 7.38Ab 4.06Bd 5.58 4.38Ab 4.46Ab 4.54Aa 4.46 

AM6 (P) 4.07Ac 4.15Ab 5.66Ad 4.63 4.28Ab 4.42Ab 4.40Aa 4.37 

AM8 (H) 22.94Ab 24.04Aa 22.95Abc 23.31 4.71Bab 7.60Aa 4.51Ba 5.61 

AM9 (H) 5.65Ac 4.27Ab 4.16Ad 4.69 4.32Ab 4.38Ab 4.26Aa 4.32 

AM10 (H) 23.69Aab 23.99Aa 23.98Abc 23.89 4.06Ab 4.04Ab 4.54Aa 4.21 

AM11 (H) 23.41Aab 23.03Aa 22.29Ac 22.91 4.61Aab 4.63Ab 4.43Aa 4.56 

AM13 (M) 24.64Bab 24.04Ba 28.09Aa 25.59 4.81Aab 4.51Ab 4.44Aa 4.58 

AM14 (M) 24.88Aab 24.66Aa 26.36Aab 25.30 4.72Aab 4.29Ab 4.36Aa 4.46 

AM23 (P) 4.46Ac 4.43Ab 4.59Ad 4.49 4.35Ab 4.37Ab 4.39Aa 4.37 

AM28 (P) 4.18Ac 5.28Ab 4.23Ad 4.56 4.34Ab 4.41Ab 4.39Aa 4.38 

Hitavi F1 26.55Aa 26.09Aa 26.32Aab 26.32 5.23Aab 4.43Ab 4.53Aa 4.73 

Mustang F1 25.52Aab 26.12Aa 26.37Aab 26.00 6.26Aa 4.57Bb 4.90Ba 5.24 

Provita F1 4.29Ac 4.26Ab 4.35Ad 4.30 4.40Aab 4.41Ab 4.35Aa 4.39 

Mean 15.35 15.52 15.65   4.65 4.66 4.47   

Numbers followed by the same lowercase letter within the same column and the same uppercase letter within the same row 

are not significantly different based on the HSD test at a 5% level. 

Shade and genotype significantly affected the fruit weight per plant; however, there was no 

significant interaction (Table 8). The fruit weight per plant is influenced by the weight per fruit and 

the number of fruits per plant. The unshaded conditions showed the highest weight per fruit, with 

an average weight of 942.07 g, followed by 25% shade (800.00 g), significantly different from 50% 

shade (257.87 g). The genotype with the largest average fruit weight per plant was Provita F1 (880.28 g), 

followed by Mustang F1 (877.35 g), and the smallest fruit weight per plant was AM6 (464.43 g). Based 

on observations, it is evident that the Provita F1, despite having a low individual fruit weight, exhibited 

the highest total fruit weight per plant. This phenomenon can be attributed to the high number of fruits 

produced by the Provita F1, which compensates for its lower individual fruit weight, thereby 

maintaining a high total fruit weight per plant.  

Shade and genotypes significantly affected fruit weight per bed, but there was no significant 

interaction (Table 8). The average fruit weight per bed of the shade treatments showed that unshaded 

conditions had the highest fruit weight per bed (3768.29 g), followed by 25% shade (3199.99 g), 

significantly different from 50% shade (1031.49 g). The genotypes that had the highest fruit weight per 

bed were Provita F1 (3521.10 g), followed by Mustang F1 (3509.40 g), and the smallest fruit weight per 

bed was genotype AM6 (1857.72 g). Shade and genotypes significantly affected productivity, but there 

was no significant interaction (Table 8). The average of the shade treatments showed that unshaded 

conditions had the highest productivity (26.92 tons ha−1), followed by 25% shade (22.86 tons ha−1), 

significantly different from 50% shade (7.37 tons ha−1). The genotypes that had the highest productivity 

were Provita F1 (25.15 tons ha−1), followed by Mustang F1 (25.07 tons ha−1), and the lowest 

productivity was genotype AM6 (13.27 tons ha−1). Plant productivity is influenced by genotype and 

shade level. Reducing solar radiation beyond 40% under shaded conditions is an important factor that 

can reduce crop productivity [62]. The difference in plant response to shade is seen in the response 

curve to relative sunlight reduction (RSR); some plants can tolerate a reduction in sunlight, as in fruit 
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crops, berries, and vegetables, and can tolerate up to 30% shade [63].  

Table 8. Means of fruit diameter and fruit length as influenced by shades or eggplant genotypes. 

Treatment Weight per fruit 

(g) 

Fruit weight per 

plant 

Fruit weight per 

bed 

Productivity 

(ton/ha)  
(g) (g) 

 

Shade     

0% 105.27 942.07A 3768.29A 26.92A 

25% 101.40 800.00A 3199.99A 22.86A 

50% 101.50 257.87B 1031.49B  7.37B 

Genotype 
    

AM4 (P) 36.25c 705.45ab 2821.80abc 20.16abc 

AM6 (P) 36.35c 464.43c 1857.72c 13.27c 

AM8 (H) 152.08ab 561.81bc 2247.23c 16.05c 

AM9 (H) 36.07c 674.73abc 2698.92abc 19.28abc 

AM10 (H) 138.04b 633.40abc 2533.59abc 18.10abc 

AM11 (H) 163.83ab 514.83bc 2059.32c 14.71c 

AM13 (M) 164.52a 640.45abc 2561.80abc 18.30abc 

AM14 (M) 159.66ab 584.12bc 2336.47bc 16.69bc 

AM23 (P) 37.26c 643.83abc 2575.33abc 18.40abc 

AM28 (P) 36.70c 641.66abc 2566.64abc 18.33abc 

Hitavi F1 162.88ab 844.09a 3376.38ab 24.12ab 

Mustang F1 174.61a 877.35a 3509.40a 25.07a 

Provita F1 37.17c 880.28a 3521.10a 25.15a 

Numbers followed by the same lowercase letter (genotype) and uppercase letter (shade) in the same column for each 

character are not significantly different based on the 5% HSD test. 

3.3. The yield tolerance levels under 25%, 50%, and unshaded conditions. 

Environmental conditions have a significant impact on the productivity of horticultural crops [13]. 

Based on the results of this study, as presented in Table 9, the results in the unshaded, 25% shade, and 

50% shade conditions showed significant differences. The genotypes planted under unshaded 

conditions yielded better yields than those planted under 25% and 50% shade conditions. Genotypes 

planted under 25% shade showed higher tolerance to variability responses than those planted under 

50%. This result is similar to that of a previous study [64]. High variability can be used to group 

genotypes into shade-loving, tolerant, moderate, and sensitive categories. The grouping of tolerance 

levels of the genotypes was based on their relative production. Relative production is the percentage 

yield in the shade compared to the control. Table 9 shows that while 25% shade increases relative 

production to more than 100%, production decreases to 82% under 50% shade. These findings are 

consistent with previous studies reporting that hybrid corn genotypes, which follow the C4 

photosynthetic pathway, exhibit increased production under 25% shade but experience a decline at 50% 

and 75% shade levels [64]. In contrast, cayenne pepper, which utilizes the C3 photosynthetic pathway, 

shows increased production under 50% shade, with yields surpassing those observed under unshaded 

conditions [16]. These results indicate that each crop has a distinct response to shading, influenced by 
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its physiological mechanisms. Furthermore, variations in shade response are not solely determined by 

whether a plant follows the C3 or C4 pathway; even within the same family, species may exhibit 

different adaptations to shading conditions. Shade-intolerant plants usually exhibit changes in their 

morphological and physiological characters in response to shade avoidance. Plants that are tolerant of 

shade usually show only minor physiological and metabolic changes [65].  

Table 9. The tolerance level of yield characters of eggplant genotypes to shade. 

Genotype 
0%  

(g per plant) 

 Shade 25%  

(g per plant) 
RP Category 

Shade 50%  

(g per plant) 
RP Category 

AM4 (P) 988.07 874.55 89 tolerant 253.73 26 sensitive 

AM6 (P) 687.63 580.77 84 tolerant 124.89 18 sensitive 

AM8 (H) 921.65 511.15 55 sensitive 252.62 27 sensitive 

AM9 (H) 1011.18 760.32 75 moderate 252.69 25 sensitive 

AM10 (H) 860.51 751.92 87 tolerant 287.76 33 sensitive 

AM11 (H) 833.47 535.4 64 moderate 175.62 21 sensitive 

AM13 (M) 995.6 741.91 75 moderate 183.84 18 sensitive 

AM14 (M) 794.65 762.82 96 tolerant 194.88 25 sensitive 

AM23 (P) 873.72 800.31 92 tolerant 257.48 29 sensitive 

AM28 (P) 889.88 762.22 86 tolerant 272.88 31 sensitive 

Hitavi F1 1005.18 1109.14 110 shade-loving 417.97 42 sensitive 

Mustang F1 1257.85 1028.63 82 tolerant 345.57 27 sensitive 

Provita F1 1127.57 1180.83 105 shade-loving 332.44 29 sensitive 

RP: Relative production, AM: Line code. 

The yield distribution under different shade levels is visualized in Figure 1 through a boxplot 

representation. The boxplot indicates that under unshaded conditions (Yield_0), the median yield is 

the highest, with a relatively narrow interquartile range, reflecting stable production among genotypes. 

Under 25% shade (Yield_25), the median yield declines, while the interquartile range expands, 

suggesting increased genotype variability in response to moderate shade conditions. The presence of 

several outliers indicates that certain genotypes maintain high yields despite shading. In contrast, under 

50% shade (Yield_50), the median yield decreases significantly, with a narrower interquartile range 

and a right-skewed distribution, signifying that most genotypes experience a substantial yield reduction 

due to increased shade intensity. This pattern indicates that progressively increasing shade levels 

negatively impact yield, with the highest level of stress observed under 50% shade conditions.  

Relative production under 25% shade varied, with hybrid genotypes Hitavi F1 (110%) and Provita 

F1 (105%) exhibiting higher yields, likely due to improved light interception, photosynthetic rates, or 

physiological plasticity. In contrast, 50% shade caused a significant yield decline (58%–81%), 

indicating a critical threshold where shading severely limits productivity. The superior performance of 

these hybrids under moderate shade may be attributed to hybrid vigor (heterosis), which enhances 

stress tolerance, photosynthetic efficiency, and metabolic flexibility. Similar findings in maize [66] 

and chili [67] highlight the role of heterosis in improving shade resilience.  
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Figure 1. Yield distribution of eggplant (g per plant) under different shade levels. 

Based on the level of variability, 25% shade showed higher variability than 50% shade and 

unshaded conditions, and it was used to determine the shade tolerance. The results of this study differ 

from those of other C3 plants, like tomato [15,68–70] and chili [71], which showed higher variability 

under 50% shade conditions compared to 25% shade and unshaded conditions. These findings have 

significant implications for breeding programs aimed at developing shade-tolerant eggplant varieties. 

The identification of genotypes with high shade tolerance provides essential selection criteria for 

enhancing eggplant resilience under low-light conditions. Breeding programs should prioritize the 

selection of genotypes with superior high yield potential, optimal photosynthetic mechanisms, and 

morphological plasticity that enable stable productivity in shaded environments. Furthermore, the role 

of heterosis in improving shade tolerance warrants further investigation through the development of 

hybrid breeding strategies that integrate genetic traits associated with adaptability to shaded conditions. 

Given the positive response of hybrid genotypes in this study, breeding programs focusing on 

appropriate cross combinations have the potential to enhance shade tolerance and yield stability in 

eggplant production systems. In addition to hybrid development, the shade-tolerant lines identified in 

this study may also be further developed as inbred varieties. 

From a practical perspective, the findings of this study underscore the potential of shade-tolerant 

eggplant genotypes for intercropping systems, particularly within agroforestry or other shaded 

environments. The integration of eggplant with companion crops can improve resource use efficiency, 

particularly in terms of light, water, and soil nutrients, thereby enhancing overall productivity. Additionally, 

intercropping systems optimize land use and contribute to the sustainability of agricultural production. 

The adoption of intercropping systems incorporating shade-tolerant eggplant genotypes presents 

an alternative strategy for farmers to maximize land utilization and diversify income sources. The 

inclusion of high-value intercrops can enhance economic returns without necessitating land expansion 

while simultaneously mitigating the risks associated with monoculture. Furthermore, specific 
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intercrops may contribute to soil fertility improvement and facilitate natural pest control, thereby 

reducing reliance on synthetic inputs. Consequently, the implementation of intercropping systems in 

shaded environments, as suggested by these findings, may enhance productivity and economic 

efficiency while promoting sustainable agricultural practices. 

For further validation, future research should focus on identifying the most compatible companion 

crops for shade-tolerant eggplant genotypes, such as sweet corn or long beans, which can provide 

partial shading while maintaining optimal growth conditions. The evaluation of these intercropping 

systems across various climatic regions and soil types will ensure broader adaptability and greater 

practical relevance for farmers operating in various agricultural settings. 

4. Conclusions 

Based on the results of this study, 25% shade is a suitable selection environment for low-light 

stress. Genotypes grown under 25% shade showed various responses to shade stress and we have 

identified two shade-loving genotypes, Hitavi F1 and Provita F1, seven tolerant genotypes, three 

moderate genotypes, and one sensitive genotype. Provision of up to 50% shade significantly reduced 

plant yield, and all genotypes were in the sensitive category. Generally, morphological characters 

(plant height, dichotomous height, crown width, leaf length, leaf width, and leaf area) were greater 

under shaded conditions than under unshaded conditions. The flower and yield showed that plants 

grown under unshaded conditions were better than those grown under 25% and 50% shade conditions. 

Genotypes AM 23 (Provita F1), AM 14 (Mustang F1), and AM 10 (Hitavi F1) showed responses in 

the tolerant category, which showed the ability to maintain a better yield than the other lines for each 

parent in 25% shade. These insights can guide yield improvement under shade stress by targeting traits 

correlated with fruit weight. 
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